REMARKS 

Claims 1-4 are under examination in the present case. Each of these claims is 
rejected under 35 U.S.C. § 1 12, first paragraph, and under 35 U.S.C. § 102(b). The 
rejections are addressed below. 

Su pport for the Amendments 

Applicants have amended the specification to conform with the Drawing figure 

labels. 

Support for the claim amendments is found throughout the specification. For 
example, support for the amendment to claim 1 is found in claim 2 and claim 3 (now 
cancelled). Support for new claim 12 is found at page 22, lines 2-7; support for new 
claims 13-15 is found, for example, at Figures 21 A and at page 55, lines 22-27. 
Applicants reserve the right to pursue all canceled subject matter in this, or future, related 
applications. 

Rejections under 35 U.S.C. § 1 12, first paragraph 
Written Description 

Claims 1-4 are rejected, under 35 U.S.C. § 112, first paragraph, based on the 
assertion that the specification fails to provide a written description that conveys to the 
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skilled artisan that Applicants were in possession of the claimed invention at the time of 
filing. 

Claims 1 and 2 provide methods for compound identification that require 
expression of a daf-16 gene in C. elegans or in an isolated C. elegans cell. Claim 4 
specifies that the daf-16 gene is a nematode gene. 

The Office bases the written description rejection of these claims on two grounds: 
(i) that Applicants have failed to disclose a daf-16 gene obtained from any organism other 
than C. elegans; and (ii) that Applicants have failed to describe identifying structural or 
functional characteristics of a daf-16 gene. This rejection is respectfully traversed. 

Disclosure of daf-16 homologs 

The Office supports the written description rejection by first asserting that 
Applicants have failed to disclose any daf-16 gene other than C. elegans daf-16. The 
Office states: 

The scope of invention as claimed encompasses identification of modulatory 
compound that decreases the expression or activity of daf-16 gene (obtained from 
any and all organisms) in any and all nematodes. At best the specification 
disclosed C. elegans daf-16 gene... and its function in C elegans worm. Besides 
C. elegans daf-16 gene the instant specification fails to disclose daf-16 gene 
obtained from any other organisms. 

This basis for the rejection is traversed because this statement is incorrect. On this issue, 

the Examiner's attention is directed to page 55, lines 22-27 of the specification, where 

Applicants disclose two human homologs of C elegans dafl6 that, based on Applicants' 
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discovery, are expected to function in human insulin signaling. In particular, this portion 

of the specification states: 

. . .human FKHR and AFX genes, identified as oncogene breakpoints but not as 
insulin signaling genes, are much more closely related to DAF-16 than the next 
closest relative in either Genbank or in the 94% complete C. elegans genome 
sequence. These data indicate that FKHR and AFX are excellent candidates for 
subserving the same function as C elegans DAF-16: transduction of insulin 
signals and convergence with DAF-7-like Smad signals. 

Thus, contrary to the Office's assertion, Applicants have identified multiple daf-16 genes. 
This first basis for the written description rejections should be withdrawn. 



Structural and Functional Characteristics of daf-16 

In further support of the written description rejection, the Office also states that 
Applicants have failed to describe identifying structural or functional characteristics of a 
daf-16 gene. This assertion is in error and should be withdrawn. 

In fact, in satisfaction of the written description requirement, Applicants have 

disclosed characteristic structural and functional features of DAF-16 proteins, as required 

by M.P.E.P. 2163 II A 3ii, which states: 

The written description requirement for a claimed genus may be satisfied 
through sufficient description of a representative number of species by 
. . .disclosure of relevant identifying characteristics, i.e., structure or other physical 
and/or chemical properties, by functional characteristics coupled with a known or 
disclosed correlation between function and structure, or by a combination of such 
identifying characteristics , sufficient to show the applicant was in possession of 
the claimed genus. 
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These identifying structural and functional characteristics of daf- 16 are detailed below. 
Structural Characteristics of daf- 16 

With respect to structural characteristics of daf 16, Applicants direct the Office's 
attention to Figures 13 A and 13B, where Applicants disclose the cDNA sequences of two 
differentially spliced daf- 16 transcripts, and to Figures 14A and 14B, where Applicants 
disclose the amino acid sequences of the DAF- 16 polypeptide isoforms. Using sequence 
analysis, Applicants have identified DAF- 16 as a member of the forkhead family of 
transcription factors (page 53, lines 25-27), and, at Figure 21 A, Applicants provide an 
alignment of C. elegans DAF- 16 with other forkhead family members. This alignment 
shows that human FKHR and AFX are most closely related to C. elegans DAF- 16 and 
share structural characteristics. This alignment also highlights conserved amino acid 
residues. 



Mutational Analysis 

The functional importance of amino acid residues conserved among daf 16 family 

members is then highlighted by Applicants' mutational analysis (page 53, lines 16-24), 

which identified three daf- 16 mutations: 

. . .(1) a large deletion of conserved regions in daf 16 (mg AF50) that proves that 
the daf 16 null phenotype is a suppression of daf 2 mutations; (2) an S to L 
substitution in exon 6 in daf-16(mg53) that alters a conserved WKNSIRH motif; 
and (3) a nonsense mutation in exon 3 in dafl6(mg54) that is predicted to truncate 
one of the daf- 16 differentially spliced isoforms (page 53, lines 16-24). 
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This analysis identified functionally important regions of DAF-16 that are required for 
wild-type DAF-16 function. 

daf-16 Human Homologs 

Moreover, Applicants have demonstrated that the structural similarities between 
the members of the daf-16 family are echoed in functional relatedness. As stated in Dr. 
Ruvkun's Declaration, paragraph 1, although C. elegans and humans are evolutionarily 
distant organisms, C. elegans daf-16 and human proteins FKHR and AFX are highly 
related. In fact, Dr. Ruvkun and his colleagues have shown that FKHR and DAF-16 are 
so closely related that the human protein is able to functionally substitute for C elegans 
DAF-16 in vivo. Given this result, those skilled in the art would fully expect that other 
highly related nematode or mammalian DAF-16 proteins would also substitute for C 
elegans DAF-16, and that dafl6 is a member of a family of proteins having shared 
structural and functional characteristics. 

Specifically, Dr. Ruvkun and his colleagues have shown that FKHRL1 and DAF- 
16 are so closely related that when a daf-16 human homolog was expressed under the 
control of the dafl6p promoter in worms having mutations in daf-16 and daf-2, the 
human protein was able to replace the worm protein, although the human protein's ability 
to rescue the daf-16 phenotype (70%) was somewhat weaker than that of a C elegans 
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DAF-16 protein (100%) (Declaration of Dr. Ruvkun, paragraph 3, and Lee et al. Curr. 
Biol. 1 1:1950-1957, 2001, Exhibit A). These results demonstrate that the human and C 
elegans proteins are orthologs and indicate that other highly similar DAF-16 family 
members would also be expected to substitute for C. elegans DAF-16. 

In addition, as stated in Dr. Ruvkun 's Declaration, paragraph 4, in collaboration 
with Nargis Nasrin and Maria Alexander-Bridges, Dr. Ruvkun has also shown that C 
elegans DAF-16 functions similarly to human DAF-16 homologs when the C. elegans 
protein is expressed in cultured human hepatocellular carcinoma cells (HepG2 cells), as 
evidenced by the experiments described in Exhibit B (Nasrin et al., PNAS 97:10412- 
10417, 2000). In HepG2 cells, DAF-16 and its mammalian homologs, FKHR, FKHRL1, 
and AFX, activated transcription through the insulin growth factor binding protein 
(IGFBP)-l -insulin responsive element (IRE). Dr. Ruvkun and his colleagues also found 
that C elegans DAF-16 and FKHR interacted with both the KIX and El A/SRC 
interaction domains of p300/ Creb-binding protein (CBP), as well as the steroid receptor 
coactivator (SRC). Dr. Ruvkun and his colleagues concluded that DAF-16 and FKHR act 
as accessory factors to the glucocorticoid response, by recruiting the p300/CBP/SRC 
coactivator complex to a forkhead factor site in the IGFBP-1 promoter, which allowed the 
cells to integrate the effects of glucocorticoids and insulin on genes that carry this site. 
Given this result, it is fully expected that other highly related DAF-16 proteins would 
function similarly. 
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In sum, Applicants have shown that C elegans daf-16 and human AFX and FKHR 
proteins are representative of DAF-16 proteins generally. In addition, Applicants have 
provided a detailed description of such proteins, including the nucleic acid and amino 
acid sequences of daf-16, an alignment of DAF-16 with its most closely related family 
members, AFX and FKHR polypeptides, identification of the structurally and functionally 
important domains characteristic of DAF-16 proteins, and a mutational analysis of C. 
elegans daf-16. Moreover, Applicants have shown that human AFX, human FKHR, and 
C. elegans daf-16, as species, are clearly representative of the genus. Applicants have 
more than satisfied the standards set by the case law; the written description rejection 
should be withdrawn. 

Enablement 

Claims 1-4 are further rejected, under 35 U.S.C. § 1 12, first paragraph, as lacking 
enablement, based on the assertion that Applicants have failed to enable methods for 
identifying a compound that modulates any daf-16 gene other than C elegans dafl6 in a 
nematode or nematode cell other than C. elegans. More specifically, the Office bases its 
rejection on the following grounds: (i) that Applicants failed to disclose a daf-16 gene 
from any organism other than C elegans; (ii) that given the low sequence similarity 
between DAF-16 and FKHR or AFX, it is unpredictable whether FKHR or AFX could 
substitute for endogenous daf-16 in any and all nematodes or isolated nematode cells; (iii) 
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that the phenotype of a transgenic nematode expressing an exogenous transgene is 
unpredictable; and (iv) that undue experimentation would be required to carry out the 
claimed method in any nematode other than G elegans using any daf-16 gene other than 
C elegans daf-16. 

As an initial matter, Applicants note that claims 1, 2, and 4 now provide methods 
for identifying compounds that decrease daf-16 expression or activity in a C elegans or 
G elegans cell. Claim 3 has been cancelled. 

daf-16 Homologs 

As detailed above, contrary to the Office's assertions, Applicants have in fact 
identified two human daf-1 6 homologs, AFX and FKHR. Additional daf-16 genes could 
be identified using methods detailed in Applicants' specification. For example, at pages 
76 and 77, Applicants disclose 5 amino acid sequences that may be used to identify a daf- 
16 gene present in a sequence database or that may be used to design degenerate probes to 
identify a daf-16 gene present in a genomic or cDNA library. Provided with these 
specific sequences, the skilled artisan could easily identify virtually any dafl6 nucleic 
acid sequence using no more than routine methods described in Applicants' specification, 
for example, at pages 77-79. 
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Predictability of C. elegans Transgenic Phenotype 

The Office asserts that given the low sequence similarity that exists between 
FKHR and AFX, it is unpredictable whether such proteins could functionally substitute 
for daf-16 in C. elegans. The Office supports this assertion citing Ngo et al. (The Protein 
Folding Problem and Tertiary Structure Prediction, Merz and Le Grand, editors, 
Birkhauser, Boston, MA, pp. 433, and 492-495, 1994) and Rudinger (Peptide Hormones, 
Parsons, editor, University Park Press, Baltimore, MD, pp. 1-7, 1976). Ngo et al. teach 
that at present the structure of a protein cannot be predicted using a computer algorithm. 
Rudinger teaches that the significance of particular amino acids and sequences must be 
determined experimentally. 

As applied to daf-16 and its human homologs, specifically, this general concern is 
unwarranted. As indicated above, Dr. Ruvkun and his colleagues have demonstrated that 
DAF-16 and its human homologs are functionally interchangeable, making predictions 
using computer algorithms unnecessary. 

The Office further asserts that the phenotype of a transgenic C. elegans expressing 
an exogenous dafl6 transgene is unpredictable, and cites Wood et al. (Comparative 
Medicine, 50:12-15, 2000, "Wood") and Sigmund et al. (Arterioscler. Thromb. Vase. 
Biol. 20: 1425-1429, 2000) in support of this position. Turning first to Wood, Wood 
teaches that specific paradigms are useful in assessing the phenotype of a genetically 
modified rodent (page 12, left column, first paragraph). 
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The purpose of this paper is to describe a general scheme of approaching 
the overall phenotype assessment of the large number of genetically altered or 
spontaneous mutant mice, as well as other rodent models currently being 
developed. 

The claimed invention features screening methods that require transgenic nematodes. 
The claimed invention does not require the production of a genetically modified rodent 
and the issues raised in Wood are therefore of little or no relevance. 

Turning next to Sigmund, Sigmund teaches that the effects of genetic variability in 
mutant mouse models can be minimized by using strategies to minimize genetic variation 
between experimental and control mice. These strategies include the use of isogenic 
strains or congenic strains of mice, and successive back-crossing of genetically altered 
mice (page 1426, right column, second paragraph, to page 1428, left column, first 
paragraph), as well as the evaluation of large numbers of mice to reduce variability 
associated with epigenetic effects. 

Once again, Applicants note that the claimed invention is directed to nematodes, 
not mice. Moreover, the methods taught by Sigmund for minimizing genetic variability 
between experimental and control mice, i.e., the use of isogenic strains are routine in 
nematode biology as noted in Dr. Ruvkun's Declaration, at paragraph 6. 

In addition, as evidenced in Exhibit A, Applicants have demonstrated that the 
human homologs of the nematode DAF-16 protein, FKHR and AFX, are able to 
functionally substitute for C elegans DAF-16 in vivo. In view of this experiment, 
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predictability is not an issue, and this basis for the enablement rejection should be 
withdrawn. 

Quantity of Experimentation 

Finally, the Office asserts that undue experimentation would be required to 

practice the claimed methods. Specifically, the Office states: 

. . .considering the unpredictability in the art and the limited guidance provided in 
the specification as filed one skill in the art would have to engage in excessive and 
undue amount of experimentation to exercise the invention as claimed. The undue 
experimentation required would include making and testing any and all nematodes 
or genetically engineered nematode cells encoding any daf 16 like genes obtained 
from any and all organisms. 

Applicants disagree. In fact, the specification provides ample guidance to carry out the 
invention as claimed. For example, Applicants teach methods for producing transgenic 
C. elegans at pages 65-66; methods for identifying additional daf-16 genes are described 
at pages 74-80, under the headings "Cloning Mammalian Daf Sequences;" screening 
methods for identifying modulatory compounds at pages 85-91, under the headings, 
"Screening Systems for Identifying Therapeutics," and "Test Extracts and Compounds;" 
and methods for evaluating the effects of a modulatory compound on C. elegans at pages 
92-93, under the heading, "C elegans" Thus, using no more than routine methods 
described in Applicants' specification, the skilled artisan could easily identify those 
compounds that modulate daf 16 expression. Contrary to the Office's assertion, such 
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routine screening does not constitute undue experimentation. 

In analyzing what constitutes undue experimentation, the MPEP (§ 2164.06) cites 

In re Wands, (858 F.2d 731, 8 USPQ2d 1400 (Fed Cir. 1988)): 

The test is not merely quantitative, since a considerable 
amount of experimentation is permissible, if it is merely 
routine, or if the specification in question provides a 
reasonable amount of guidance with respect to the direction in 
which the experimentation should proceed, (emphasis added) 

At the time of filing, a skilled artisan could easily identify compounds that modulate daf 

16 expression using methods described in Applicants' specification. Such screening 

could easily be accomplished using standard techniques; no undue experimentation is 

required. For all of the above reasons, the enablement rejection should be withdrawn. 

Rejection under 35 U.S.C. § 102(b) 

Claims 1-4 are further rejected under 35 U.S.C. § 102(b) based on the assertion 
that the claims are anticipated by Gottlieb et al. (Genetics 137:107-120, 1994, hereafter 
"Gottlieb"). This rejection is respectfully traversed. 

The pending claims feature methods for identifying compounds that modulate daf 
16 expression or activity. The Office states "[t]he cited art clearly teaches a method that 
can identify a compound that is capable of decreasing the expression or activity of daf 16 
gene." This statement is in error. 

Gottlieb neither teaches nor suggests any method of compound identification. 
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Gottlieb teaches that, under conditions of high population density (high pheromone, low 

food), developing C. elegans form dauer larvae, and that dauer formation is controlled by 

genetic interactions among daf genes as determined by genetic epistasis analysis. 

Gottlieb characterizes her results as follows: 

When animals are exposed to growth-promoting conditions, defined as high food 
and low pheromone, the sensory neurons send a signal which prevents dauer 
formation through the inactivation, either directly or indirectly, of the Daf-d gene 
daf- 12 and activation of the Daf-c genes daf-2 and daf-23. Under these conditions, 
daf-2 and daf-23 would function to prevent dauer formation by the inactivation of 
the Daf-d gene daf 16 as well as by negatively regulating the activity of daf 
12. . .When exposed to high pheromone dauer-inducing conditions, the sensory 
neurons no longer send a growth-promoting signal. This leads to the activation of 
daf 12 and the inactivation of daf-2 and daf-23. The absence of daf-2 and daf-23 
function relieves repression of daf- 16. The resulting daf- 16 gene activity represses 
non-dauer development and/ or activates dauer entry and prevents dauer recovery 
(page 117, right column, first paragraph, to page 1 1 8). 

Thus, Gottlieb teaches a genetic pathway that controls dauer formation. Gottlieb fails to 
teach or suggest compound screening methods, and therefore fails to anticipate the 
claimed invention. 

Regarding the Office's statement that the dauer larvae has a "thin body" and is 
"non-obese," Applicants note that Gottlieb fails to draw any connection between the 
dauer pathway and obesity. Instead, Gottlieb teaches that the dauer larvae's 
morphological changes promote resistance to chemical treatments and desiccation. 
Gottlieb states: 

. . .in environments with a high density of animals and a corresponding high level 
of dauer-inducing pheromone, animals arrest development following the second 
larval molt as specialized dauer larvae. The formation of a dauer larvae involves 
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morphological changes in many tissues of the animal: dauer larvae are 
thinner. . .have a specialized cuticle, a pharynx that is remodeled and plugged and 
intestinal cells that appear dark. In addition, the molting cycle is suppressed and 
all feeding and growth are arrested. Because of these adaptations, the animals are 
more resistant to harsh chemical treatments and desiccation (p. 107, left column, 
first paragraph). 

Regarding the Office's statement that Gottlieb teaches "the construction of worms 
encoding daf 16 wild-type or mutated daf 16 transgenes (citations omitted)," Applicants 
point out that this is also incorrect. Applicants note that Gottlieb fails to identify any daf- 
16 nucleic acid sequence, and thus could not and did not produce a worm expressing any 
daf-16 transgene. Indeed, Applicants were the first to identify and characterize daf-16 
nucleic acid and amino acid sequences, and the present invention is based on this novel 
discovery. The passages cited by the Office describe genetic interactions among daf 
genes (page 108, left column, paragraph 2), describe dauer formation in various C 
elegans dauer defective mutants (page 109, column 1, paragraphs 1-4), and describe the 
genetic construction of C. elegans strains having multiple mutations in daf genes (pages 
108-109). However, Gottlieb does not isolate a daf 16 transgene and cannot therefore 
describe the construction of a worm having such a transgene. 

In sum, Gottlieb fails to teach a method for identifying candidate modulatory 
compounds that decrease the expression or activity of DAF-16 using a C. elegans or C 
elegans cell expressing a daf-16 gene. Gottlieb therefore fails to teach important 
elements of claims 1-4, and the anticipation rejection should be withdrawn. 
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CONCLUSION 

Applicants submit that the claims are in condition for allowance, and such action i 
respectfully requested. 

If there are any charges or any credits, please apply them to Deposit Account No 



is 



03-2095. 



Respectfully submitted, 
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Clark & Elbing LLP 
101 Federal Street 
Boston, MA 02 110 
Telephone: 617-428-0200 
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Dauer arrest phanotyp* of daM6(x)t ctaf-2(o13?4) mutants. 


X = Reproductive development 




Other 
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+ 0% 
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75.5% (163) 


9,4% (se) 

7.3% (42) 
1.8% (21) 
2A.S% (S3) 



Synch/ontiod (vwihip 9 hr) progeny of gravid mutant mothers were 
fthifted to the wax temperature (zs'C) for 48-52 hr. Thsy were 
then scored for the dauer arrest constitutive phenotypa visually. For 
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animate. Dauarf-Iiko) arreeiod animals wore either complete or partial 
dauors (showing one or mare features* such as radial constriction, 
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notypes of a dqf-l mutant: da/-J6ffnjgD/47); daf-J(ir/370) 
double mutant animals form virtually no dauers under 
replete conditions at 25°C, 'and the adults live even shorter 
than wild-type ([5]; Table 1 and Figure 1). Under similar 
condition*, few d0j-16(mgS4kd*f-2(*/31O) animals (1/558 
assayed) or Haf-ttymZtUfaFZUWO) animals (24/1 131 as- 
sayed) arroar at the dauer stage (Table J). Similarly, nei- 
ther (W-16(in26); dtfi(ei370) nor d&t6(mz$4); 
(<i/370} animals lived longer than wild-type control anl* 
mals (Figure 1)* Thus. /flk/-;©V-specific mutations behave 
similarly to (ifif-f6(ntilt) In cheir ability to suppress daf-Z 
(0/370). These results indicate that the dafJ6b activity 
that remains in these etof-tfa probable null mounts is 
not sufficient to supply da}-/ 6 gene function. 

The ability of a d/tf-tfa mutation to fully supprew both 
rhe aging and dauer arrest phenocypes of daJ-2 strongly 
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signaling. Alternatively, animals depend on the function 
of both tfafr/fa and daf-/(tk the loss of cither one may 
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a leas-centra! function in dauer arrest than dt&tfa. 
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enough thin doublc-»tnmdcd RNA corresponding to 
daf-Ub will not also target daf*Ua (the longest uninter- 
rupted run of nucleic acid identity is 5 base pairs between 
<5&a/-/^-spccific exon 5 used in RNAi and the entire 
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asterisk indicates that the da{-2(e1S7Q) life 
»pan was. d»fconnlnod in ©lightly different 
oondWona than the rest, on regular rattier 
than Pudft-comairtlng (fluorodeaxyuridirte) 
plated, FUdR does not affect the life span of 

animals [20]. 
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Figure 2 



GPP 0*ptt«.i,n d-ivenby BaW ., en .7Z " 
was awMod i™/ l in " ,nal ' Gp P 

(0-33 (tg/ml, in ihe fem^l "'"'S 9 " 6 




•wnplatw used: RtgHfl . °7^' DNA 



daf.J6al transcript). RNA1 • 

/«• alone.- progeny 55Sj? 7 ^ ,nfl « ,vai '°" oM* 
J» «h»Wl Where" Zcny C^r 8 ^^ 6 (44 ° f 

fccrive in S uppr Ms i„7^tS« c , ds «NA was also cf- 

jgW became . ^hSSS^SL^ ° ° f 75 
">«e results showed thJIS • ""Productively). 
*«ivity from tnc "Mor genetic 

arre« and longevity COnt „, CUS ^-""d^cl daue, 



P^Z^ r ^Pj! mer •■WW- and 



difrercnualjy expressed b^7 lhc Wo isof «n» 

R13H8, accession number AF03971 7> J p O0SmW 
mediately 5' to the predict fil i^ff "T 0 reeion 
™ 'uflficicnt co direct ^rlf A T° codonof 
1»«oe, ,o rescue *? d ^' 0n « f*'(L**ii Z 

transcriptional re ei ,| atorv JJL lOV } We na, ««d thij 
fused at die | CM w«H 6c . nc ' in wh '<"i GPP was 

«c«d the functional W-D^i^ Wo firac 
reseence i„ „ [ly embryos . US J 0fi protcin fl «°- 
hawhlne and in Li T^S'ZT^^ Aft <* 
larvae showed cpp « ««J °P mcnal sragcs . ^ . 

" io,nat «' gonads (Figure 3), 



uimdoa ATO of ^"wJ f n 1 0mi 5 "W 0 " to the 
«cne. which tim L|y reS! h ; G d ?" DAF - 16B f««on 
fi«e detected i* . ootSSS .J" 1 Sh ° wn) ' Gp P wa» 

Except o^io«ri| y iJSf" 11 " mai,c "ph.rj.nx 
*e ^nninal bulb; ^i^S^-^ln 



16B protein-coding ?^ c ^ '^f " CS bea ™S f«« DAF- 
«P«« of tbc^ »^ ;; h " *° of "Serene 

feature, of d-uerZS^T" Th " a * re 
<Jcvcl 0ping L3 a S^S^ * Bn » productively 

ehatcaoi,of^/^ oand X '"^ sed ^ *P»n. We found 

have a shorter life $M n V^ „ M ed pJaccs) - an d they 
^/flfciDAP-WB werf .m ! » **'*«DAP-1«AI or 
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Figure 3 



DAP'ie protein nuciear localization is 
dynamically regulated by daf-2 and da/*7. 
Ruoreseenl micrographs af animals carrying 
FjCoW-ffeitGPPKDA^ieB], a deM&GFP 
Fusion eons that con rescue dar/'fo* mutant 
dauer-defective phenclypa (dam not shown), 
(a) An 11 animal of genotype 
daf-ie(mg0f47j; 4 9 M(±l GFPi;DAF-1 8 ia 
mostly cytoplasmic, with a perinuclear 
concentration. The soma of four neurons in 
the head are marked by arrows, (h) An L1 
animal of genotype tktf~l6(mgbf47)j 
dat-2{*1$?0), GFP;:DAF10 Is promlrtemly 
nuclear localised. The nuclei of four neurons 
in the head and two hypoderma! cells in the 
midbody are marked by arrow*© and triangles, 
respectively, (c) The head region of a 
<f*f'i5(mgOM); &f-7(m62) L2d predauer- 
etage animal. GFP::DAF'1 6 was almosl 
exclusively locolixsd in nuclei ihroughoul tho 
animal, (d) The heed region of a 
det-iG(mgQtA7)i Cl8f'7(m62) dauer animal 
carrying the tranagene showing a more diffuse, 

primarily perinuclear GFR':DAF-18 
localization d&M &i-premoten:<3FP::OAP» 
16B fusion PCR product (concentration at 
2.5 ng/iil) was mixed with 96 rtg/uJ pRF4 C14] 
roi-S DNA and was Qttd io transform 
GR1329 daMe{m$Df47) animals. Tho stably 

tranamtoing transgen© was then crossed into 
tisM6(moDf4?); def-2(eWQ) and 
daf>16(mgDt47); d*t-7{m$2) mutonla. 



of 30 SDS-rcsistant dauers examined had a constricted 
pharynx), whorons dauera chat carried ctaf-/d$Y.D&F*\6H 
had more complete pharyngeal constriction (11 of 17 
daucrs examined). This result is consistent with an auton- 
omous DAK- 16 pry win function in chc pharynx, bocaue© 
the <faf'l6$ promoter element is active In the pharynx, 

whereas tfcf-ftfct t« not, 



We also found a difference between chc life span regula- 
tory activity of the two fusion genes. (i(tf-16(mgBf47); 
Ex[d'afJ6oLuOAF-'l6fi\] transgenic animals had an aver- 
age adult life span 65% longer chat of control dof- 
M(t»gJ)f*7) cwimala, whereas &Lafc/-/tfp:;DAF-l6B] 
transgenic animals lived, on the average, only 14% longer 
than the control (Table 2). 



Transgcne 



Tablgz 

Compoitons of da f -16a and -f£ promotaralrlven fusion gene activity. 



Phenaiype in d*f-1$(mgQ{41) 



SOSt Pha const 



Marker only 0/3 lines n/a 

daf-76a::DAF*1 6A1 2/3 lines 0/30 aWe 

ofa/-70a::DAF1 68 2/3 lines QJZQ dauarc 

oW«f epssDAMeAi a/aiineo 15/25daucrs 

daHefriDAHoB 2/2 lines 11/17 dauera 



8D6*r: presence of 1% SDS-rcs'stani dauera on starved plates. 
Each line is an independently generated transgenic strain. Pha 
const.; pharyngeal constriction in SDS*reaie1am dauen. Lifespan: 
mg?n adult lifeepan measured at 26"C, compared wilh dat- 
l6(mgDf47) without transgene. 

■Two independent lines showing different population lifespans. 
cfaf-^'prornoterilDAF-ifiAt, rfa/'/eot-promoten^AF-ISB, daf> 
/6p-promoler::DAF-t BA1 , and «/af-?e|i*prflmoior:£DAF.1 £5 Fusion PCR 
products (concaniration at 2,5 ng/fii) were each mixed with 



Mean lifespan (N) 

7B% (40> f (39)' 
166% (AO) 
166% (40) 
114% (40) 

114% (40) 

80 ng/u.1 pRW and 50 ng/p.1 pTG9fi (expresses GFP in every 
nucleus, except, goon line [22JJ plasmid DNA and were uaed to 
transform GRt32« daf-1S(mgDf49) animate. Tranegenlo lined were 
also made with markers only to serve as controls. DNA templates 
uaed In mating PCR fuisions: R13HB, a genomic cosmid dona from 
A. Cauleon; pdaf13a1, zdaf-16n1 cDlsiA clone described 
previously [3); pdaf16b, a eONA clone iealaiod in Ihic ciudy that 
oontaina the ORF port of AF020344 [3]. 
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Given che Sua th a , DAF-16A and Daf i ru 
very different Keoucnccs at thti, E AF "" B . p " ,tcin » "avc 
* e differences in cS» V ' N lWm,,,i - we ^ 
difference j 0 flnaioa of in" 6 " 005 COntribucc w 

«"\6 6 onea, w c found that rh* t S. B| r ,,tJA *- 16 Al f U3 ,on 

w«c essentially ln2 I £SK?iif 0dl, * * qucnces 

element but different codin7<L ^ amc Poorer 
ru*cr than pi^£^^^««-4p*»U 



100% HtW cver. most MS. h ° lon .& n * »»<»*cd 

«>oh u body radial Mn «!L pmw| daue ' features! 
function like DAF.t 6 1„ thnc . huintt '» FKHRLl can 



the DAP.16Aar»d DMM*R n **»«•»•■ ben**™ 
2). Although » flfS % > {FiSUK 1 ^ TabIc 
*? ''/-"promote, SZttr"" «* 

n^J), and multiple uEiK " ™ J^ ntraaons < 2 ' 5 
pounds will i e S; es fam BCneUc ba <* 



Stt^i^r glared by AKT/ 
'hown genetically £ f * nd »"» been 

conform to the con™™. J Brc ure four sl «« that 

phoryiano„ |Wa ;;^^ 

the AKT Dh 04 BK„»i: • J 7 plccffecKofe3£ P«««<>- 

ancio pution tlW r™^i \ v v*BVJ*'i background, I n cho 

»*■>• ^S^rr.gK'rr ! 

microinjection by fcedine thHn - n,ma,s afecr 

kecp the DAP-16 JZZL^*™ '* f lS dsR NA to 
establi 1 h e dni/ P L„^ D !° n ,eVc ' 5 ,ow as wc« 
decendenr* o ' tnos ** d ° nc on 
RNAi E. con for one S ^ - 



thology between thfiUtt,77u i 7° Pr0VC the 0r - 
*e ability of human FKHR rVm £ • KCn<55 ' w W5tcd 

(Tabled). UpX 2SEfE^ /J7<y C,0Ub '« «"Lu 
ricd aa fe/./, B . SJST™/ e . condlt,on *. inimab that «r- 

larval ar re « compared ^ t ZZ^**™™ 6 ^ 



oth C rwi le larva "LS !? institutive dauer or 

generation proecnv of nniml l lmorsceond 

dsRNA^p^^ r^ble 4l ** 
C«es that DAP-16 oholl, . • )- Th,S result indi - 

S/Tre S iduesJ y r AKTlo"fc^^^^ ? r «»r 

aspect of date* p • rc «ceaj kinase , e a cruoial 

"anionic a „i ma | s becaUj(c f h ™' ™ 8 P flft «> f *•» 

-dult population. Because deSSS,^ /' T^TF™ 1 
activity cau«e« a simiia, and **i-2 gene 

AKT^osp^Sf;^^^ 
model that AKT- J and AKT 7 . [10L WefaVOf the 
DAP-16 at these sites 2 ^ thc ^J 01 ln P«« of 

^/-/<f(null) m. IM ncTut Sd „« " " re8cued fl 

daucr arrest or ton«£vSL\S Ca " SC any ^mtlve 

viuanon.AK'rcoLZS.bt^^^^^^^ 
confer three po S5 ibiliti c i ? rJSJnSST U3J " 
ween their and our ob* C rva,^„ B d,ffcren « be- 

'oveU of .he tranjEenw Z ^' «lw««ion 
Since they did no Te R ff A i ^nS? 03 " 1 ? d,ffcrtt "- 
phenotypes in the initial «„ • " ny dau ^«»rrest 

yp cne initial i,n ecneration by transforma- 
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Tabled 



Rescue of the dsH8(moDfi&); daf>#(9i370) dauer-dafecdvo phcnorype by Human FKHRL1, 


Transgene 


Reproductive 
development (N) 


Dauerf-jiko) arrwt IN) 


L3/L2 (N) 


U/egg (N) 


No transgene control 
oaMSfriDAfMeB 
rfaM6£:£KHRM0tnQ *l) 
</aA7ep:^KHRLt(0nB #2) 


37.2% (141) 

29,0% (31) 
(a) 


0.7% (1) 

4e% (12) 

31.6% {34} 
47.0% <4GJ 


1.4% (2) 
20% (3) 
1.9% (2) 
17.0<& (16) 


0.?% (t) 
32% (B) 
97.4% (40) 
2S.W(21) 



Animala were scored 51 hr otter egglay, ai ZO'G The PCR product PCR invoMnfl human FKHRL1 wu pHe-FKHRLvHA, a HAnagged 

of daH^promoter.:rmm (1 0 ng/wi) was mixed with pRF4 human FKHRL1 oDNA ploamid, a gift from WU Anderson and 

(45 ng/ulj and pTG98 (45 ng/uO and waa used to irantfomi QR1909 K,C. Ardon (AFQ32Q5Q, (231). 
dsf'16wwOf47}: dsJ-3(Bl37Q) animals. A lempleto used in the 



don, ir i« possible chac choir cran^gcncs were selected CO 
express AC lower levels. Indeed they reported cranvgene 
toxicity (sec Methods in [13]). Second, their construct 
contains extensive d<tf'16 intronie sequences chat nre not 
pcoaenc in our construct l'*or example, iniron 5 contains 
the (5 Promoter clement (this report). TW© sequences 
may affect chc temporal and spatial patterns of gene ex- 
pression. Third, Lin etal. expressed a GFP fusion protein. 
It may be that the GFP::DAF-16 fusion is function- 
ally different from the native protein, Wc do not favor 
chc model thac ovcrcxpression of //rf/-/<fa::DAFl6Al-4A 
causes constitutive dtiuer urresc. Control transgencs that 
were produced by the same injection concentration (2.5 
ng/uJ) buc that expressed the wild-type DAF-loAl pro- 
teins did not induce dauer arrest (Tabic 4). Wc have 
attempted to produce high levels of expression 
using a heat shock promoter construct. Transgenic ani- 
mals carrying an integrated transgenc of AspI6'2::DA?- 
16B arrested as partial or complete dauere only when 
subjected to repeat, periodic heat shock throughout their 
lives (unpublished data). This result argues that it is not 



easy to force expression of wild^cype DAF-16 to a level 
sufficient to cause a dauer arrest constitutive phenotypc. 

The expression of mutant DAF-16 from the trans- 
gene suffers from some limitations. First, expression of 
Ex[d«f-lfa::bAFt4At'4A} is heavily selected against be- 
cause of the arrest and lethality ic causes. We could only 
maintain the stock by feeding them with dtrf+16 RNAi 
bacteria. This RNAi treatment wtw not effective enough 
co completely shut down transgene expression (Table 4 
and daw noc shown). Furthermore, there appears co be 
RNAI perdurance; the RNA interference of daj-16 rook 
more than one generation to wear off completely after 
transfer of animals from feeding RNAi bacteria (Table 4. 
and data not shown). Third, cxcrachromosomal transgenes 
tend to be lost during mitotic divisions, causing mosaicism 
and reducing overall expression [14J. This may explain 
why the ^-7tfot::DAFl6A1.4A transgenic animals failed 
to precisely phenocype copy daf-ZfmUt} mutant animals. 

Mammalian insulin and insulin-like signaling regulate 



Table 4 



Dauer arrest phenotype eau 


tod by ACT phocphoryfaHon Incompetent DAF-10. 






Tranagene* 


Reproductive 
development (N) 


Dauer(-like) 
arrort (to) 


L3/L2 (N) 


Li/egg M 


DAMC(4A) b 

No Transaene siblineV 

DAF-1fi(4A)« 

DAP-16(Wn 


1.1% (1) 

94.9% (74) 
44.2% (76) 
84,0% (460) 


26.B<M09) 

0% 
19.2% (33) 

0% 


68% (52) 
9.69D (3) 
39.6% (63) 
6% (33) 


14.0% (13) 
1,3% (1) 
n/c 
n/c 



Animate were rtiarod al 26"C and wens scored 49,3-00 fir after 
vgglay. 

•All animals carried d6f-16(mgDf47). n/c means wa had not 
particularly counted thai cIbbb. 

6 Grandparent had been fed with cfeH 0 daRNA'CxpressIng bacteria. 
E Parents had bean fed wnh otef-fc daRMA-expressing bacteria, 
The DArM6(WT) transflen© waa made by oermline transformation 
With the PCR-genaragad ehimenc oonotn/ot c/a^-76a'.:OAF-16Al 
(3,6 jig/ml); DAF16{4A) wae made with Qa^rfti::DArMeAl-aA 
(2.0 (tg/mi) mutant fuaion construct. The 4A mutant contains for 
S/T to A mutations thai would abolish aJi potential aitea of AKT 
phosphorylation (11). dar-f6a::DAFl6A1-4A fusion iranegenio 
animals were made by transforming GR1329 aaMft(ffl$Dfa7) 



animals with a miwure of 2.5 ng/nl cV-r6a::DAFl6Al-4A as a PCR 
product. 48 ng/ul pRF4, 34 ng/^l pTGOS, and 1 1 ng/yi pPHgfpl 
(eKpresaeB GFP in hypodermic [24]). Transgenic animals had 10 be 
maintained whh daMe RNAI £. coll. When grown on OP50 E 
co// t transgenic animals are selected aoainet by their dauer arrast 
phenotype. For feeding RNA), a 970-fep Puull/Xhol fragment 
common ro oil daf-lS iQeforme was cloned Into tne Smal site of 
plaamtd pPOl 29,36 r between T7 polymerase sitea. Tho resulting 
plasmid, pT7-daf16oommcn<T7 r was used to transform £ ««/;«^in 
HT115(DE3) and te molce a bacterial drain, RX90. Feeding RNAi 
woe performed on worm ourtyrc NQ agar plates coma/ning IPTQ, 
ampicillln, and lerracydln, as described by Timmona el at. [12]. 
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Promoter) in differe f Jg» Kg*?^/* 
w e found that, i„ riof-itd^t I . bl <« ! '«6'oi.nd». 
OFP::DAF.16B SlS^jg^"*. 
high ooncentrat ion around rh- « . ,i ^ ,P' wmic . a 
contrast, in a ^"dSSS/?^ igurc 3A > * 
ground, where Lt^m !n!;ff-I' ,37 V muant b **- 

<-Ici» (Figure 3B) Thlfrho: " coftoent "«*" in the n„- 

of oWJSS JZ2?5 in su , bcellu,ar h » fi "*" 

trough !,«, aduichSod^fLS *" Cmbiyonic sra S° 
by similar aMku^F^JT** ' CgU,ated 



«tar chan the thc 

mutant, including in rhV hI ° thc ' in *e 
16 was largely exe uded from k *"* SBe *' GFP::DAF- 
ob,crv ati on sugge t i £f Z T l T Fi *"* 3d - This 

pathway as well. Indeed although 17,^, si ^in& 
mutant* are dauer a «L t ► • ** y * ^ do "'>'» 
suit arc neverthcle^S S55 dM ; d ? ucre th " »- 
-n.tric.ion and forrn SSc^.^ 



'in-like signaling traduces ST,?* * by Whit!h inau " 
rcs«j« indicate t^hc^Jf:? ? m * am0K - «" 

output of DAF-2. and perhan" I . s, S na "«g 
PU, rather filTIS * thc k <V 

phenotyprj caused hv r~w,. - °* ue ™nw oonaiitunv© 

Ling, ^Z^^lT m8UJ,lHikc si * 
cic coupling baiw,»r T rK ftatdwnonac «««»«ineehiinM- 

«* only chc l»Uli^ B 7jP£^; 
affecte life 8pttn (rcvieW6d ;„ thC TCF * P«"W*y 



Our result indicates that the daf. 7 TOP a ,• 

scrcarn of DAF-16 nuclear S P • J at a Doint "P- 
n»'in 6 could .ct anywh^ rr^ 770 ^'^ 
P«»w a y. from the J * Mb. 

worm ins»ii ns ro DAF-16 lMf P ? f Bn ^ of ehc 

« an ontagonist, would 1^*1 k :"* whicn - 
UBJ. Alternatively, i ° c l u «d ? " ^ P athwa V 

«re in the worm: t^ at^ ( ^ n ^. amU ^>'- 

« reduction in i„ uU n sifinaTi^anj ACT^^^ 
activity, to aff# ct DAF-i ^ i AKT -(1,2) kmace 

that AtewSc^r^n^^^ uh,toI, • Westr «« 

This explains ^. 
synergistic with those in the ln $l ,ii„ IzZ. pathw ?y 9 « 

d»» „„, z Z 'Ci?S^' * e 

« candidate DAF-7 ori^ - ,0 " numb « AF028337) 
^F-3«iKnlm.v B i, ortholoes. it is possible that these 
mammal * B ' S ° " >£c " , « wich signaling In 



manner from the insulin o a ,l ' a tJ,0l, « h J n a d Wercnt 

predauer stage plgurcL^he LM ° n ' y durins che L2d 
^ the norma*, ^tllll^^f ~"«« 
dauer-indncing environmento ?5J^u?? ^ 
compared to normal L2, are suTd» h^, J Hna ''' 
'on S cd feedln, nnd darker^ "SSJffi^ ^ 
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Exhibit B 



DAF-16 recruits the CREB-binding protein coactivator 
complex to the insulin-like growth factor binding 
protein 1 promoter in HepG2 cells 

5S^;5S2ft wil,iam Bi99S *' Simin Nui *- Justin Dore *' Dominica CalvoS - Yang Shi *- 

Communicated by Frederick M. Ausubel, Harvard Medical School, Boston, MA, July 13, 2000 (received for review March 4, 2000) 



Insulin negatively regulates expression of the insulin-like growth 
factor binding protein 1 (IGFBP-1) gene by means of an insulin- 
responsive element (IRE) that also contributes to glucocorticoid 
stimulation of this gene. We find that the Caenorhabditis efegans 
protein DAF-16 binds the IGFBP-1 IRE with specificity similar to that 
of the forkhead (FKH) factor(s) that act both to enhance glucocor- 
ticoid responsiveness and to mediate the negative effect of insulin 
at this site. In HepG2 cells, DAF-16 and its mammalian homology 
FKHR f FKHRL1, and AFX, activate transcription through the IGFBP- 
MRE; this effect is inhibited by the viral oncoprotein E1A, but not 
by mutants of E1A that fail to interact with the coactivator 
p300/CREB-binding protein (CBP). We show that DAF-16 and FKHR 
can interact with both the KIX and E1A/SRC interaction domains 
of p300/CBP, as well as the steroid receptor coactivator (SRC). A 
C-terminal deletion mutant of DAF-16 that is nonfunctional in C 
etegans fails to bind the KIX domain of CBP, fails to activate 
transcription through the IGFBP-MRE, and inhibits activation of the 
IGFBP-1 promoter by glucocorticoids. Thus, the interaction of 
DAF-16 homologs with the KIX domain of CBP is essential to basal 
and glucocorticoid-stimulated transactivation. Although AFX in- 
teracts with the KIX domain of CBP, it does not interact with SRC 
and does not respond to glucocorticoids or insulin. Thus, we 
conclude that DAF-16 and FKHR act as accessory factors to the 
glucocorticoid response, by recruiting the p300/CBP/SRC coacti- 
vator complex to an FKH factor site in the IGFBP-1 promoter, which 
allows the cell to integrate the effects of glucocorticoids and 
insulin on genes that carry this site. 

I nsulin signaling via the phosphatidylinositol 3-kinase (PI 3-ki- 
I nase)/protein kinase B (PKB) pathway has diverse effects on 
cellular metabolism and apoptosis (1, 2). A major role of insulin 
is to act in opposition to the catabolic effects of cAMP and 
glucocorticoids, agents that stimulate liver gluconeogenesis. The 
rate-limiting step in gluconeogenesis is catalyzed by the phos- 
phoenc/pyruvate carboxykinase (GTP) (PEPCK; EC 4.1.1.32) 
gene. The insulin-like growth factor binding protein 1 (IGFBP-1) 
gene indirectly promotes gluconeogenesis by binding insulin-like 
growth factor (IGF)-I and -II and inhibiting their insulin-like 
effects. Expression of the PEPCK and IGFBP-1 genes is con- 
trolled at the transcriptional level by a complex regulatory 
mechanism in which glucocorticoids activate and insulin inhibits 
gene expression (3-6). 

In the case of the PEPCK gene, the response to both glu- 
cocorticoids and insulin is mediated by the accessory factor II 
(AFII) site, located upstream of the glucocorticoid-response 
element (GRE); this site is also referred to as the PEPCK 
insulin-response sequence, IRS-1 (7). Similarly the response of 
the IGFBP-1 promoter to glucocorticoids and insulin is medi- 
ated by one site, the insulin-response element (IRE) site located 
upstream of its GRE (5, 8). Biochemical evidence first showed 
that the forkhead (FKH) hepatic nuclear factor (HNF)3j3 binds 
the IRE in the PEPCK and IGFBP-1 genes and enhances the 
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effect of glucocorticoids on gene transcription (9, 10). Thus, 
early efforts to identify the mediator of glucocorticoid and 
insulin action at this site focused on HNF3j8. The effect of 
HNF3/3 to enhance the action of glucocorticoids can be mim- 
icked by GAL4-HNF3/3, if a GAL4 DNA-binding site is substi- 
tuted for the AFII site in the PEPCK gene. This observation 
provides strong support for a role of HNF3/3 as an accessory 
factor for the glucocorticoid response (11). However, if a single 
protein mediates the response to both glucocorticoids and 
insulin at this site, it is unlikely to be HNF3j3, inasmuch as certain 
HNF3 sites fail to mediate the negative effect of insulin and 
other HNF3 sites actually confer insulin inducibility to a reporter 
gene (12, 13). 

Genetic evidence identifying the transcriptional outputs of 
insulin-like factors in Caenorhabditis elegans indicates that the 
FKH transcription factor DAF-16 is the major target down- 
stream of the C. elegans daf-2 (insulin receptor), age-1 (PI 
3-kinase), PKB/ Akt (AKTl/AKT2)-dependent pathway (14, 
15). The effect of mutations in daf-2 and age-1 is reversed by loss 
of function mutations in C. elegans daf -16. Thus, insulin signaling 
via this pathway negatively regulates the activity of DAF-16 
(14-17). Several groups simultaneously showed that close rela- 
tives of DAF-16, including FKHR LI (18), AFX (19), and FKHR 
(13, 20-23) are direct targets of insulin/insulin-like growth 
factor signaling to PI 3-kinase and PKB. These factors can 
activate transcription via the IGFBP-MRE. Phosphorylation of 
FKHR LI (18), FKHR/FKHR1 (23), and AFX (24) by insulin/ 
msuhn-hke growth factor signaling or overexpression of PKB 
promotes export of these proteins from the nucleus, thereby 
preventing their transcriptional effect. Therefore DAF-16-like 
factors are likely candidates for the protein that integrates the 
response to glucocorticoids and insulin at the IGFBP-MRE. 

While the three mammalian homologs of DAF-16 show up to 
60% homology to DAF-16 within the FKH DNA-binding do- 
main and marked conservation of their AKT/PKB phosphory- 
lation sites, these homologs are not conserved compared with 
DAF-16 outside of these regions (14, 15). Thus there is uncer- 
tainty as to which of the mammalian FKH proteins is functionally 
most similar to DAF-16. Therefore, we compared the hormone 
response of DAF-16 and its mammalian homologs in HepG2 
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cells, hoping that DAF-16 would behave as an ortholog of the 
mammalian DAF-16-like factors and that we could proceed to 
examine the effect of nonfunctional DAF-16 homologs on 
hormone-regulated IGFBP-1 gene expression. 

We find that DAF-16 and FKHR are most similar in their 
ability to activate gene transcription and modulate the response 
of the IGFBP-1 promoter to glucocorticoids and insulin. Both 
DAF-16 and FKHR bind to the KIX domain of CREB-binding 
protein (CBP) and to steroid receptor coactivator (SRC)-l. A 
C-terminal deletion mutant of DAF-16 (15), which fails to 
interact with the KIX domain of CBP, is transcriptionally 
inactive in mammalian cells and prevents the effect of glucocor- 
ticoids to stimulate IGFBP-1 gene expression. Furthermore, we 
find that AFX, a homolog of DAF-16 that fails to bind SRC-1, 
also fails to respond to glucocorticoids and insulin. Thus we have 
uncovered a link between DAF-16 homologs and their ability to 
recruit the p300/CBP/SRC coactivator complex that could 
explain their ability to integrate complex hormonal signals. 

Materials and Methods 

Constructs. The DAF-16al Hindlll/Nhel insert from pGEM- 
FLAG-DAF-16al was ligated into the Hindlll/Xbal site of 
pcDNA3.1(+) (Invitrogen) to generate pcDNA3. 1 + FLAG- 
DAF-16al. The DAF-16al BstYl insert from pGEM-FLAG- 
DAF-16al was ligated into the BamHl site of pGEX-4T-l 
(Pharmacia) to generate pGEX4T-DAF-16al. Phosphorylation 
site mutants were prepared by using the QuickChange Site- 
Directed Mutagenesis Kit (Stratagene). Primers were T54A 
(sol64/165): GAT CGG TGC AAT GCT TGG CCA ATG 
CGT/ACG CAT TGG CCA AGC ATT GCA CCG ATC; 
S240A/S242A (so200/201): CGT ACA CGT GAA CGA GCC 
AAT GCT ATT GAG ACG ACT AC/GTA GTC GTC TCA 
ATA GCA TTG GCT CGT TCA CGT GTA CG; and S314A 
(sol68/169): CCC CGA ACT CAA GCT AAC CTC TCG 
ATT/AAT CGA GAG GTT AGC TTG AGT TCG GGG. 

Sources of plasmids: The rat IGFBP-1 promoter (nucleotides 
-925 to +79) cloned in PGL3-LUC was a gift from Matthew 
Rechler, National Institutes of Health, Bethesda, MD). FKHR, 
FKHRL1, and AFX were obtained from K. Arden (Univ. of 
California, San Diego). pCMV-HNF3a was a gift from J. Darnell 
(Rockefeller University, New York). Constitutively active 
pCMV6*gag-PKB was a gift from J. R. Woodgett (British 
Columbia Cancer Agency, Jack Bell Research Centre, Vancou- 
ver, Canada). CMV*HA-tagged p300 was a gift from Marc 
Montminy (Joslin Diabetes Center, Boston). Plasmids encoding 
glutathione S-transferase (GST)-SRC (25) and GST-CBP con- 
structs containing the C/Hl domain (amino acids 312-450), the 
KIX domain (amino acids 450-684), and the C/H3 domain 
(amino acids 1890-2441) were gifts from Tony Hollenberg and 
Fred Wondisford (Beth Israel Hospital, Boston) (26). The 
pcDNA-SRC-1 (27) plasmid was a gift from William Chin 
(Brigham and Women's Hospital, Boston). CMV*E1A and 
CMV-E1A A2-36 (28), pCMX*VP-16 and pCMX-VP-16 p300, 
which are driven by a cytomegalovirus (CMV) promoter, 
were gifts from D. Livingston (Dana-Farber Cancer Institute, 
Boston), 

Tissue Culture, Transfection, and Reporter Assays. Hepatoma 
(HepG2) cells were purchased from the American Type Culture 
Collection. HepG2 cells were cultured in minimal essential 
medium (MEM) supplemented with nonessential amino acids, 
glutamine, sodium pyruvate, penicillin/streptomycin, and 10% 
fetal bovine serum (FBS). 

HepG2 cells (passages 2-6) were seeded on 30-mm six-well 
plates at 50% confluence. Twenty-four hours later, the cells were 
incubated with Dulbecco's modified Eagle's medium (DMEM) 
supplemented with charcoal-treated 10% FBS. Two hours later, 
the cells were exposed to a DNA/calcium phosphate precipitate 



for 4 h and then shocked with 20% (vol/vol) dimethyl sulfoxide 
(DMSO) in PBS for 1 min. HepG2 cells were cotransfected with 
10 ptg/ml IGFBP-MREor the IGFBP-Huciferase plasmid, and 
1 /xg/ml pcDNA expression vector alone, or vectors encoding 
DAF-16, FKHR, mFKHRLl, AFX, or pCMV-HNF3a per ml of 
precipitate. RSVGH or RSV-j3-galactosidase (RSV, Rous sar- 
coma virus; GH, growth hormone) was included as a cotrans- 
fected control. In some experiments a CMV expression vector 
alone (0.2 fig/ml) or expression vector encoding E1A wild type, 
E1A A2-36, or active pcDNA-PKB was included. The cells were 
washed twice with PBS before the addition of serum-free 
DMEM supplemented with 0.1% crystalline BSA. Luciferase 
gene activity was measured 24 h after the transfection by using 
a luciferase assay kit (Promega). Each transfection was per- 
formed in triplicate and repeated at least three times. Cells were 
harvested 22 h after the addition of insulin (1 milliunit/ml) or 
dexamethasone (0.5 ju-M). The GH RIA and /3-galactosidase 
assays (29) were performed as previously described. HEK293 
cells were transfected by using the modification of the calcium 
phosphate precipitation protocol described above except that the 
cells were not shocked with 20% DMSO. 

Protein Interaction Assay. The pcDNA-DAF-16, pCMV-p300, and 
pcDNA-SRCl plasmids were used for in vitro synthesis of 
proteins in rabbit reticulocyte lysate by using protocols described 
by the supplier (Promega). GST-fusion proteins were prepared 
as described previously (29). The quality of each preparation was 
examined by SDS/PAGE, and the GST proteins were matched 
for molar content in the crude preparation. GST pull-down 
assays were performed by using a method described by Lai and 
Herr (30) with modifications described previously (29). The 
amount of GST-fusion protein absorbed to the beads was 
quantitated by subjecting a fraction of the proteins released to 
SDS/PAGE followed by staining with Coomassie blue. 

Yeast Two-Hybrid Screen. In the yeast two-hybrid screen, a fusion 
between GAL4 DNA-binding domain and amino acid 397-683 
of C. elegans CBP-1 was constructed by using the PAS2-1 vector 
(CLONTECH) and used as bait to screen a mixed-stage C. 
elegans library (kindly provided by Robert Barstead, Oklahoma 
Medical Research Foundation, Oklahoma City, OK). The library 
was screened by using the reagents and protocols provided in the 
Matchmaker Two-Hybrid System 2 kit (CLONTECH). 

Results 

DAF-16 Homologs Modulate the Effect of Glucocorticoids and Insulin 
on the IGFBP-1 Gene. As previously shown for its mammalian 
homolog FKHR (31), DAF-16 binds the wild-type 1GFBP-HRE 
and not a mutant that eliminates the effect of glucocorticoids 
and insulin on this gene (data not shown). To determine which 
of three mammalian homologs of DAF-16 — FKHR, FKHRL1, 
or AFX — was most similar in function to DAF-16, we compared 
their effects on glucocorticoid- and insulin-responsive gene 
transcription. In three independent experiments, DAF-16 stim- 
ulated IGFBP-1 promoter activity by 8- to 10-fold, and insulin 
inhibited this effect by 90% (Fig. IA, compare bar A to bars C 
and D). The abilities of DAF-16 and FKHR to activate IGFBP-1 
gene expression were identical in magnitude (Fig. IA, bars C and 
E), as were the effects of insulin to inhibit DAF-16 and FKHR 
by 90% (Fig. IA, bars D and F). The effect of insulin on 
FKHR LI was consistently less pronounced than its effect on 
FKHR (Fig. IA, bars G, H and E, F). In contrast, insulin did not 
inhibit activation of the IGFBP-1 promoter by AFX at all (bars 
I and J). Thus, in HepG2 cells, FKHR is the mam- 
malian homolog that functions most like its G elegans homolog, 
DAF-16. 

The effect of DAF-16 and its homologs on glucocorticoid- 
responsive gene transcription was assessed by using a concen- 
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A. Effect of Insulin on DAF-16 and Homologies 
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Fig. 1. Effect of DAF-16 homologs on insulin- and glucocorticoid-responsive 
gene transcription. HepG2 were cotransfected with a construct encoding the 
native 1GFBP-1 promoter (10 M9/ m D driving luciferase gene expression and the 
pcDNA expression vector alone (1 /xg/ml), or the expression vectors pcDNA-DAF- 
16, pcDNA-FKHR, pcDNA-FKHRL1, and pcDNA*AFX (1 /ig/ml). In A, insulin (1 
milliunit/ml) was added to serum-starved cells during the last 18 h of incubation. 
In B, cells were exposed to dexamethasone (0.5 juM) for 18 h. The effect of these 
agents on endogenous proteins, pcDNA (bars A and B), or the exogenous proteins 
encoded by pcDNA*DAF-16 (bars C and D) and its three mammalian homologs, 
pcDNA-FKHRL! (bars E and F), pcDNA-FKHR (barsG and H), and pcDNA*AFX (bars 
I and J) is shown. Luciferase activity was corrected for p-galactosidase gene 
expression. The data shown are representative of three experiments. 



tration of each designed to achieve less than maximal stimulation 
of basal activity. Again DAF-16 homologs stimulated basal gene 
expression by 6- to 10-fold. Under these conditions, dexameth- 
asone enhanced the effect of DAF-16 by 70%, and the effect of 
FKHR and FKHRL1 by 100% (Fig. \B, bars D, F, and H, 
respectively). Thus we conclude that in the absence of insulin, 
FKHR and FKHRL1 facilitate glucocorticoid activation of the 
IGFBP-1 promoter. In contrast, although AFX stimulated basal 
transcription of the IGFBP-1 promoter by 10-fold, this homolog 
failed to show glucocorticoid-stimulated gene expression under 
any conditions. Thus we conclude that individual DAF-16 ho- 
mologs mediate distinct regulatory functions. 

E1A Interacts with p300/CBP and Blocks Activation of IGFBP-1 Gene 
Transcription by DAF-16. Mutations of the IGFBP-HRE impair 
glucocorticoid-stimulated gene expression, pointing to an en- 
hancing effect of the protein complex bound at the IRE site on 
glucocorticoid-induced transcription. To determine whether 
binding of DAF-16-like proteins to the IRE modulates the effect 
of glucocorticoids, we overexpressed wild-type and mutant 
DAF-16 in HepG2 cells. In the absence of exogenous factors, 
IGFBP-1 promoter activity was stimulated 3-fold by glucocor- 
ticoids (Fig. 2A y bars A and B). Wild-type DAF-16 increased 
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Fig. 2. (A) Effect of DAF-16 and HNF3a on insulin-responsive gene tran- 
scription. HepG2 cells were incubated in the presence or absence of insulin 
(1 milliunit/ml) for 16 h before harvesting, Luciferase activity recovered in 
the presence of pcDNA {bars A and B), pcDNA-DAF-16 {bars C and D), 
pcDNA*DAF-16 (A340-511) (bars E and F), and HNF3a (bars G and H) is 
shown. (6) Effect of El A on dexamethasone-responsive gene transcription. 
Cells were transfected with the native IGFBP-1 promoter driving luciferase 
gene expression (1 5 jig/ml), and expression vectors including pcDNA alone 
(bars A-D) or pcDNA-DAF-16 (bars E-H); and CMV alone (1 ^g/m\) (bars A, 
B, E, and F); or CMV-E1 A {bars C, D, G, and H). Cells were inoculated with 
(bars B, D, F, and H) and without (bars A, C, E, and G) dexamethasone (0.5 
/aM) for 18 h. Luciferase activity is shown corrected for growth hormone 
(GH) and normalized to the control value for pcDNA alone. (O DAF-1 6 gene 
expression is inhibited by insulin and by wild-type E1A but not by E1A 
A2-36. HepG2 cells were transiently cotransfected with the native IGFBP-1 
promoter-lucif erase gene (10 ^g/ml), and the pcDNA expression vector 
alone {1 /ig/ml) (bars A-D), or wild-type pcDNA-DAF-16 (bars E-H), or 
pcDNA-FKHR (bars l-L) or pcDNA-DAF-16 4(S/T-A) (bars M-P). Control and 
insulin-stimulated activity was assessed in the presence of the expression 
vector CMV alone (0.2 ^g/ml; bars A, B, E, F, I, J, M, and N). The effect of 
wild-type CMV E1A (bars C, G, K, and O) or a derivative of E1A that fails to 
interact with CBP, CMV-E1A A2-36 (bars D, H, L, and P) is shown. 
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Table 1. CBP interacts with DAF-16 in yeast and mammalian two-hybrid system 



Yeast two-hybrid system Mammalian two-hybrid system 







No. of 






Activity (Luc/j3-gal) 


-Fold effect 


Clone 


Amino acids 


clones 


tacZ + /HIS 


GAL4-DAF-1 6 derivative 


VP16 


VP16-p300 


of p300 


DAF-16 


176-508 


1 


++/+ 


GAL4-BD 


0.9 ± 0.09 


0.91 ± 0.03 


1 


F38A6.3(HIF-1a) 


104-343 


5 


+ + /+ 


GAL4-DAF-16 wild type 


31 ± 1.89 


284 ± 5.03 


9 


T01B10.4 (HNF4) 


51-450 


2 


+/+ 


GAL4-DAF-16 4(S/T-A) 


57 ± 2.23 


328 + 22.4 


6 


2K1 290.4 (NF-1) 


525-1026 


1 


++/+ 


GAL4-DAF-16(A340-511) 


4.5 ± 0.14 


12.5 ±0.93 


3 



Yeast two-hybrid system: Two million independent colonies were screened and 92 positive clones were isolated by using the reporter genes lacZ and HIS3. 
Yeast plasmids encoding the 92 "preys" were rescued into Escherichia co/f HB101 and used in new yeast transformation experiments to confirm the two-hybrid 
interaction. On the second round of screening 46 clones were positive with GAL4-CBP-1, but not with the GAL4 DNA-binding domain alone or GAL4LAM5'-1 
(CLONTECH). Twenty-two of the 46 clones encoded putative C elegans transcription factors, some of which have known mammalian homologs. A partial list 
is shown in this table. The predicted open reading frames (ORFs) of clones F38A6.3, T01 B1 0.4, and ZK1 290.4 encode proteins related to mammalian HIF-1 a, HNF4, 
and NF-1, respectively. The length of the ORFs of the isolated clones, the number of independent clones identified for each interacting molecule, and the relative 
strength of the interactions is shown in columns 2, 3, and 4, respectively. Mammalian two-hybrid system: G AL4-DAF-1 6 derivatives (2 ^g) were cotransf ected into 
HEK 293 cells with VP-16 alone or VP-16-p300 (2.5 ^,g) and the luciferase (15 jig) or j3-galactosidase (2.5 jig) reporter genes as described in the text. Cells were 
assayed for luciferase (Luc) and j3-galactosidase (j3-gal) activity. Luciferase activity was corrected for coexpression of /3-galactosidase activity (±SEM). The fold 
effect indicates the specific interaction of the GAL4-DAF-16 derivative with VP-16*p300 compared to VP-16 alone. 



basal promoter activity by 8-fold, and there was no additional 
effect of glucocorticoids (bars C and D). Mutant DAF-16 
(A340-511) had no effect on basal activity, and it prevented the 
effect of glucocorticoids to stimulate IGFBP-1 gene expression 
by means of endogenous factors (compare bars E, F to A, B). 
Thus the C-terminal domain of DAF-16 appears to be required 
for basal- and glucocorticoid-responsive activation of the IG- 
FBP-1 promoter. The effect of HNF3a, a FKH family DNA- 
binding protein (bars G and H) was similar to that of DAF-16 
(A340-511) in that occupation of the site by HNF3a also 
prevented the effect of endogenous factors. 

We speculated that the proposed ability of FKH proteins to act 
as accessory factors for the stimulatory effect of glucocorticoids 
by means of the IGFBP-MRE might result from recruitment of 
the p300/CBP coactivator complex to this site, as is seen with the 
glucocorticoid receptor (32, 33). If so, one interpretation of the 
observation that glucocorticoids do not further stimulate the 
IGFBP-1 gene in the presence of DAF-16 (compare bars A, B 
and C, D in Fig. 2 A) would be that both DAF-16 and glucocor- 
ticoids act by the same mechanism. Therefore, we examined 
whether E1A, a viral oncoprotein that interacts with and se- 
questers p300/CBP, could inhibit the stimulatory effect of 
DAF-16 or glucocorticoids on IGFBP-1 gene expression. In the 
absence of DAF-16, basal IGFBP-1 promoter activity was stim- 
ulated 4-fold by glucocorticoids (Fig. 2B, bars A and B), and this 
effect was inhibited by wild-type E1A (Fig, 2B, compare bars A 
and B to C and D). In the presence of DAF-16, IGFBP-1 gene 
expression was stimulated 8-fold, and no further activation was 
observed in the presence of glucocorticoids (compare bars A and 
B to E and F in Fig. 2B). E1A inhibited the effect of DAF-16, 
independent of the addition of glucocorticoids (Fig. 2B, com- 
pare bars E and F to bars G and H). 

Next we compared the effect of wild-type E1A and a derivative 
of El A missing the N-terminal p300/CBP-interaction domain, 
E1A A2-36 (28, 34), on IGFBP-1 promoter activity. In the absence 
of DAF-16, wild-type E1A inhibited the effect of endogenous 
factors on IGFBP-1 promoter activity by 80% (Fig. 2C, bars A and 
C), whereas no inhibition was seen by El A A2-36 (Fig. 2C, bars A 
and D). Thus, in HepG2 cells, basal activation of the IGFBP-1 
promoter by endogenous factors is likely to depend on p300/CBP. 
DAF-16 activated expression of the IGFBP-1 promoter 8-fold (Fig. 
2C, compare A to E), and its homolog FKHR activated expression 
10-fold (Fig. 2C, compare A to I). The effect of DAF-16 and FKHR 
on IGFBP-1 promoter activity was inhibited 90% by wild-type E1A 
(Fig. 2C, compare bars E to G and I to K). Again, El A A2-36 had 
no effect on DAF-16- or FKHR-stimulated IGFBP-1 promoter 



activity (Fig. 2C, compare bars E to H and I to L). A similar pattern 
of inhibition by wild-type El A, but not mutant El A A2-36 was 
observed with all of the mammalian homologs of DAF-16 (data not 
shown). This observation suggested that, in HepG2 cells, binding of 
the p300/CBP coactivator complex to DAF-16 and FKHR is 
essential for the ability of DAF-16 to activate IGFBP-1 gene 
transcription. 

We compared the effect of insulin and El A on the activity of 
wild-type DAF-16 and an insulin-insensitive mutant DAF-16 
4(S/T-A), which carries an alanine substitution within its four 
consensus AKT/PKB phosphorylation sites (Thr-54, Ser-240, 
Thr-242, and Ser-314). While wild-type DAF-16 was inhibited 
85% by insulin (Fig. 2C, bars E and F), the activity of the DAF-16 
4(S/T-A) site mutant was not affected by insulin (bars M and N). 
This observation confirms previous reports that the inhibitory 
effect of insulin on the wild-type DAF-16 protein is dependent 
on phosphorylation of DAF-16 at one or more of its putative 
AKT/PKB sites in HepG2 cells (13). Although insulin had no 
effect on the activity of DAF-16 4(S/T-A), wild-type E1A, but 
not mutant E1A A2-36, inhibited the activity of this mutant by 
70% (Fig. 2C, compare bar M to bar O and P). Thus, in HepG2 
cells, phosphorylation of the AKT sites on DAF-16 is not 
required for the interaction of p300/CBP with DAF-16 and 
activation of the IGFBP-1 promoter or for El A inhibition of this 
effect. In contrast, insulin inhibits DAF-16 activity by a mech- 
anism that requires the AKT sites in DAF-16. 

p300/CBP Interacts with DAF-16 in Vitro and in Vivo. In an indepen- 
dent series of experiments aimed at identifying important CBP 
interactors in C. elegans we obtained further evidence that CBP 
and DAF-16 interact in cellular systems. Using the N-terminal 
region of C. elegans CBP-1 (amino acids 397-683), which con- 
tains the C/Hl and KIX domains as bait, we recovered 22 C 
elegans transcription factors that interact with CBP-1, 4 of which 
were related to mammalian factors (Table 1). In addition to 
DAF-16, C elegans clones F38A6.3, TO1B10.4, and 2K1290.4 
were recovered from the screen and found to bear striking 
homology to hepatocyte nuclear factor 4 (HNF4), hypoxia- 
inducible factor-la (HIF-la), and nuclear factor 1 (NF-1), 
respectively. The KIX domain of mammalian CBP has previously 
been shown to interact with HNF4 and HIF-la in mammalian 
systems (35, 36). Thus, we conclude that the interaction of 
DAF-16 with CBP-1 is comparable to that for other known 
CBP-interacting proteins (Table 1). 

We used the mammalian two-hybrid system to confirm that CBP 
interacts with DAF-16 in mammalian cells. DAF46 was expressed 
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Fig. 3. DAF-16 interacts with p300 and SRC (A) Interaction of [ 35 S]methionine- 
labeled DAF-16 with the KIX and C/H3 interaction domains of GST-CBP. In vitro 
translated [ 35 S]methionine-labeled DAF-16 or DAF-16 (A340-51 1) was incubated 
with GST (lane 1); or GST-CBP (KIX), which encodes amino acids 450-684 of CBP 
(lane 2); or GST-CBP (C/H3), which encodes amino acids 1890-2441 of CBP (lane 
3); or GST-SRC, which encodes amino acids 594-780 (lane 4). The bound proteins 
were washed, eluted, and subjected to SDS/PAGE as described in the text. The 
autoradiograph of a dried gel is shown. (S) Interaction of GST-SRC with [ 35 5]me- 
thionine-iabeled p300 and DAF-16. In vitro translated [ 3s S]methionine-labeled 
p300 (lanes 2 and 4) or DAF-16 (lanes 1 and 3) was incubated with bacterially 
produced GST (lanes 1 and 2) or GST-SRC (amino acids 594-780) (lanes 3 and 4) 
bound to glutathione-Sepharose beads. Eluted proteins are shown. (0 Interac- 
tion of t 35 S]methionine-labeled DAF-16, FKHR, and AFX with GST-CBP (KIX) and 
GST-SRC FSJMethionine-labeled DAF-16, FKHR, and AFX were incubated with 
GST (lane 1),GST-KlX(lane 2), or GST-SRC (lane 3) bound to glutathione-Sepharose 
beads. Eluted proteins are shown. 



as a fusion protein with the GAL4 DNA-binding domain and 
full-length CBP as a fusion protein with the VP- 16 activation 
domain. GAL4-DAF-16 derivatives and the VP-16 derivatives were 
cotransfected into HEK293 cells in the presence of a luciferase 
reporter gene driven by a GAL4 DNA-binding site. There was no 
effect of the VP-16-CBP fusion gene on the GAL4 DNA-binding 
domain construct alone. In the presence of GAL4-DAF-16 the 
CBP-VP16 fusion gene activated gene transcription by 9-fold com- 
pared with VP-16 alone. Mutation of the AKT sites in DAF-16 had 
little effect on the ability of CBP-VP16 to activate gene transcrip- 
tion; activation by CBP-VP16 was 6-fold over that of VP-16 alone. 
In contrast, the ability of the C-terminal DAF-16 mutant to interact 
with CBP-VP16 was markedly decreased compared with wild-type 
DAF-16. The fact that the interaction of CBP with mutant DAF-16 
was not abolished can be explained by the fact that both the KIX 
domain and the E1A/SRC domain of p300 interact with DAF-16; 
thus, the C-terminal mutant can still interact with the E1A/SRC 
domain of p300 (see Fig. 3). 

To determine whether CBP could interact directly with DAF-16 
and to map the domain involved in vitro, the interaction of CBP with 
DAF-16 was confirmed by using the GST pull-down assay. Crude 
GST fusion proteins that include three major interaction domains 
of CBP-C/H1 (amino acids 312-450), GST-CBP-KIX (amino acids 
450-684), and GST-CBP-C/H3 (amino acids 1890-2441) (25), 
respectively, were bound to glutathione-Sepharose columns and 
incubated with [ 35 S]methionine-labeled DAF-16. DAF-16 did not 
bind GST alone (Fig. 3A, lane 1), nor did it bind the C/Hl domain 
of CBP (data not shown). As expected, however, DAF-16 interacts 



with the KIX domain of CBP (Fig. 3/f, lane 2); approximately 10% 
of the applied proteins were recovered (data not shown). DAF-16 
also interacts with the C/H3 domain of GST-CBP (Fig. 14, lane 3), 
the domain that interacts with E1A and SRC. Thus, there are two 
domains within CBP that interact with DAF-16. 

In mammalian cells p300/CBP is known to interact with SRC 
and certain acetyltransferases to form a coactivator complex that 
is essential for activation of gene transcription by members of the 
nuclear receptor superfamily (37, 38). To determine whether 
recruitment of p300/CBP by DAF-16 might be reinforced by an 
indirect interaction with SRC, we incubated [ 35 S]methionine- 
labeled DAF-16 with GST-SRC and found that DAF-16 could 
indeed interact with SRC (Fig, 3A, lane 4). When we compared 
the ability of p300/CBP and DAF-16 to bind GST-SRC, we 
found that binding of in vitro translated DAF-16 to GST-SRC 
(Fig. 3B, lane 3) was comparable to binding of p300 with 
GST-SRC (Fig. 3B, lane 4). Thus, we conclude that DAF-16 
interacts with p300/CBP and SRC. 

In contrast to wild-type DAF-16, the transcriptionally inactive 
DAF-16 (A340-511) failed to bind the KIX domain of CBP 
(amino acids 450-684) (Fig. 14, lane 2), but it did bind the 
E1A/SRC interaction domain of GST-CBP (amino acids 1890- 
2441) (lane 3) and GST-SRC (lanes 4). Thus wild-type DAF-16 
interacts with two distinct sites on CBP, whereas the inactive 
C-terminal truncation mutant of DAF-16 interacts with the 
E1A/SRC domain of CBP, but not the KIX domain. Therefore, 
we conclude that basal and glucocorticoid-mediated activation 
of the IGFBP-1 promoter requires an interaction of DAF-16 
with the KIX domain of DAF-16. 

Binding of in vitro translated DAF-16, FKHR, and AFX to the 
KIX domain of CBP and the interaction domain of SRC is 
compared in Fig. 3C. DAF-16 and FKHR bind to both the KIX 
domain of CBP and the interaction domain of SRC (Fig. 3C, 
lanes 2 and 3), whereas AFX binds only CBP-KIX, and not SRC 
(lanes 2 and 3). We conclude that the interaction of AFX with 
the KIX domain of CBP is sufficient for basal transcriptional 
activity but not for hormone-regulated activity. 

Discussion 

We show that in HepG2 cells, DAF-16, a member of the FKH 
family of transcriptional regulators, can recruit the p300/CBP 
coactivator complex to the IGFBP-l-IRE, a site that both enhances 
the positive effect of glucocorticoids and mediates the negative 
effect of insulin on the IGFBP-1 gene. Consistent with previously 
published findings that insulin inhibits the activity of FKHR, a 
mammalian homolog of DAF-16 (13), we show that the inhibitory 
effects of insulin on DAF-16 and FKHR were identical, ranging 
from 70% to 90%. However, in contrast to previously published 
findings where insulin inhibited the activity of AFX by 40% in NIH 
3T3 cells (19), insulin did not inhibit activation of the IGFBP-1 gene 
by AFX in HepG2 cells. Thus we conclude that the mammalian 
homologs of DAF-16 are not functionally equivalent. 

In the absence of insulin, we find that DAF-16-like proteins 
recruit the p300/CBP coactivator complex to the IGFBP-1 gene. 
Recruitment of the p300/CBP coactivator complex is essential 
for cAMP- and glucocorticoid-responsive gene transcription (32, 
39). In the presence of dexamethasone, the glucocorticoid 
receptor can interact with the coactivators SRC/GRIP/ CBP and 
their associated histone acetyltransferases (40, 41) to its target 
genes. Thus our observation that DAF-16 can recruit the coac- 
tivator complex to the site that enhances glucocorticoid respon- 
siveness implies that one function of DAF-16-like proteins is to 
provide additional binding sites for the coactivator complex on 
the IGFBP-1 promoter. Two findings support this view. First, the 
nonfunctional mutant of DAF-16 lacking the CBP-KIX inter- 
action domain acts as a dominant inhibitor of the glucocorticoid 
response. Second, in the presence of saturating amounts of 
wild-type DAF-16, glucocorticoids have no further stimulatory 
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effect on IGFBP-1 gene expression, suggesting that the glu- 
cocorticoid receptor and DAF-16 act by a common mechanism. 
Accordingly, at subsaturating concentrations of DAF-16 and 
FKHR, we were able to demonstrate an enhancing effect of these 
factors on glucocorticoid-responsive gene transcription. 

Although AFX interacts with the KIX domain of CBP, it does not 
respond to glucocorticoids or insulin. Thus the interaction with the 
KIX domain of CBP appears to be necessary, but not sufficient, for 
glucocorticoid regulation of IGFBP-1 gene transcription. We con- 
clude that the interaction of DAF-16-like proteins with the KIX 
domain of CBP is essential for basal activation of IGFBP-1 gene 
transcription in HepG2 cells, but it is not sufficient for hormone- 
regulated gene expression. Examination of the DAF-16 amino acid 
sequence shows several regions that carry variations on the inter- 
action motif found in the accessory factor II domain (42) of nuclear 
receptors that interact with SRC (33, 43). SRC can, in turn, interact 
with the C/H3 domain of p300/CBP (37); thus CBP is indirectly 
recruited to nuclear receptors by SRC. We find that DAF-16 and 
FKHR can bind directly to SRC as well as CBP. The ability of 
DAF-16-like factors to mediate the effect of both glucocorticoids 
and insulin on the IGFBP-1 gene correlates with this interaction as 
opposed to the interaction of DAF-16-like factors with the KIX 
domain of CBP. Specifically, the DAF-16 homolog AFX fails to 
bind SRC in vitro and fails to mediate the effect of glucocorticoids 
and insulin on IGFBP-1 gene transcription. Thus, distinct DAF-16 
family members appear to play distinct roles on their target genes. 
The physiologic relevance of the interaction of DAF-16 with 
SRC and CBP as it pertains to hormone-regulated gene expres- 
sion is not yet known. However, a precedent for the suggestion 
that recruitment of CBP is essential for hormone-regulated 
stimulation of PIT-1 gene transcription by agents such as cAMP 
and insulin, which usually show opposing effects on gene tran- 
scription, has been established in GH4 cells (44), For example, 
the recruitment of CBP is essential for positive regulation of 
PIT-1 by cAMP, whereas recruitment of CBP by SRC is critical 
for positive regulation of PIT-1 by insulin. Thus, it seems 
reasonable to suggest that recruitment of distinct coactivator or 
corepressor complexes may play a role in mediating multihor- 
monal regulation of IGFBP-1 gene transcription. 

The PEPCK gene carries two weak GREs and three well- 
described accessory factor binding sites that are essential for the 



effect of glucocorticoids to activate gene expression (7 S 11). The 
accessory factor I (AFI) site binds HNF4 and the accessory 
factor II (AFII) site binds FKH domain factors such as HNF3 
(11) and FKHR (31). In mammalian cells, HNF4 interacts with 
the CH/1 domain of CBP and with SRC/GRIP (45). Using the 
yeast two-hybrid system to find targets of CBP in C. elegans, we 
found that the N terminus of CBP selected a clone that encodes 
a protein related to HNF4 as well as DAF-16. Our observation 
that DAF-16 and FKHR can interact with CBP and SRC just as 
the nuclear receptor HNF4 can suggests a common mechanism 
whereby either family of factors could enhance glucocorticoid- 
responsive gene expression by recruiting the CBP coactivator 
complex to promoters with relatively weak GREs. 

We propose then that in HepG2 cells, DAF-16 and its 
mammalian homologs activate basal transcription of the IG- 
FBP-1 gene by recruiting p300/CBP to the promoter. Neither a 
nonfunctional mutant of DAF-16 that fails to bind the KIX 
domain of CBP nor a nonresponsive homolog of DAF-16 that 
fails to bind SRC can inhibit glucocorticoid-responsive gene 
transcription. From this we conclude that, in the absence of 
insulin, a major role of DAF-16-like factors may be to enhance 
glucocorticoid stimulation of its target genes. We show that the 
DAF-16-like protein FKHR is most similar to DAF-16 in its 
ability to mediate the negative effect of insulin on transcription 
of the IGFBP-1 gene. Our findings suggest that insulin may alter 
the activity of certain DAF-16-like proteins by preventing their 
association with coactivator proteins in addition to promoting 
association with 14-3-3 and retention in the cytoplasm as pre- 
viously proposed (18, 23, 24). Thus, dependence of certain 
glucocorticoid-responsive genes on an FKH accessory factor site 
would allow DAF-16-like proteins to integrate the opposing 
effects of glucocorticoids and insulin on specific target genes. 
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